Through drawing upon a solid-state reaction, a newly proposed long-lasting phosphor BaLu 2 Si 3 O 10 :Eu 
Introduction
Long-lasting phosphorescence (LLP) is an optical phenomenon of great signicance. Luminescence can be observed aer ceasing the excitation aer a couple of minutes and probably persists over a longer period of time of several hours.
1,2 Under excitation, energy can be stored and absorbed by LLP materials (inclusive of articial light and sunlight). Subsequently, the stored and absorbed energy can be released as persistent visible light under thermal stimulation, commonly at room temperature.
3,4 LLP materials have aroused considerable attention and have been applied in extensive important elds by virtue of its prominent characteristics which include being recyclable, energy saving, and eco-friendly. 5 Initially, LLP materials were adopted for night-time displays, traffic signs, in or on buildings, in public places, for emergency signs, and security signs. 6 Additionally, the foregoing materials have been adopted in structural damage sensors, radiation detectors, and optical storage media. 7 Thus far, LLP materials have been adopted in a growing number of elds to address relevant challenges, such as in in vivo bio-imaging, medical diagnostics and solar energy utilization, etc.
8
Moreover, large numbers of LLP materials have been developed and reported. LLP materials colored red, green and blue are primarily highlighted and discussed with a predominant amount of the research reported adopting these materials for a particular purpose. Theoretically, any color material can be attained through blending these three predominant colors and changing their proportions.
9-12
Yet, implementing the mentioned approach is difficult. Although two of the tricolor LLP materials, blue (CaAl 2 O 4 :Eu 2+ , Nd 3+ , >24 h) and green (SrAl 2 O 4 :Eu 2+ , Dy 3+ , >24 h), are very bright and can be adopted for use in the market, red LLP materials are overall inadequate when adopted for a particular purpose. 13, 14 Making the various components consistent with each other during the phosphorescent decay can be hard and ensuring that the color of the phosphorescence is uniform can be difficult. Furthermore, a single source of excitation can be inefficient in exciting the majority of LLP materials. 15, 16 In this regard, newly proposed LLP materials consisting of multiple colors will be critically and urgently explored and developed. Currently, there is a growing interest in silicatebased luminescent materials due to their excellent chemical stability, thermal stability, weather resistance, and low temperature synthesis. 17, 18 In 2010, M. phosphor. In this work, the electronic structure, photoluminescence, and phosphorescence properties of this phosphor are investigated systematically and shed light on.
Experimental

Synthesis
Following a frequently adopted method using high-temperatures in the solid state, this work fabricated the desired samples atmosphere in a tube furnace powered by electricity. Aer calcining, the temperature of the samples was reduced within the furnace to room temperature and ground a second time for further application.
Characterization
These samples were characterized by powder X-ray diffraction (XRD) using a Rigaku diffractometer featuring Ni-ltered Cu Ka radiation at scanning steps of 0.02 with the 2q value ranging from 10 to 80 . This enabled the overall phase structures of the samples to be examined. Through employing a F30 S-TWIN electron microscope (Tecnai™G2, FEI Company) highresolution transmission electron microscopy (HRTEM) images, transmission electron microscopy (TEM) images, and an energy dispersive X-ray spectroscopy (EDX) spectrum were attained. Using a UV-Vis spectrophotometer (PE Lambda 950) and a sample of BaSO 4 an ultraviolet-visible (UV-vis) diffuse reectance spectra (DRS) was attained and used as a reference. A Xe-900 xenon arc lamp (450 W), with a FLS-920T uorescence spectrophotometer as the source of excitation, was used to measure the luminescence decay curves, the LLP spectra, the photoluminescence excitation (PLE), and the photoluminescence emission (PL). 1 nm was established as the scanning step. 10 min aer irradiating the samples with ultraviolet light a PR305 long aerglow instrument was used to measure the decay curve of the LLP. TL curves were provided using a FJ-427A TL meter (Beijing Nuclear Instrument Factory) with a heating rate of 1 K s À1 and a temperature range of 20 to 400 C. In this work, UV light was used to irradiate 0.0020 g samples which had been pressed into pellets for 5 min prior to measuring. 
Results and discussion
XRD patterns and Rietveld renement
XRD was used to ascertain the phase purity adopted by the prepared samples. Given that the structure of BaLu 2 Si 3 O 10 has never previously been proposed in literature, this work references the crystallographic data and initial model structure with the purpose of rening them for BaYb 2 Si 3 O 10 (ICSD 17781). The representative XRD patterns for the relative samples are presented in Fig. 1a (S1-S6). All of the diffraction peaks are used as a standard reference for the BaYb 2 Si 3 O 10 (ICSD 17781) compound. 26 No impure phases were detected in the attained samples, which indicates that a single phase is taken up by all of the attained samples, and the Eu ically independent. Through adopting two highly distorted edge-sharing LuO 6 octahedra, this work connects the foregoing SiO 4 trimers. 27 Generally, the radii difference between the two cations primarily determines whether the doped ions can substitute for the host cation. 25 The percentage difference in ionic radii between the substituted and the doped ions should be less than 30%. 28 The equation below can calculate the difference between the possible substituted ions (Ba 2+ , Lu 3+ ) and the doped rare ions (Eu 2+ , Nd 3+ ) in radius percentage. Fig. 2a and c, the morphologies of these two samples are similar to each other. As shown, the blocky particles are irregularly shaped and approximately 2-10 mm in size, making their form and structure suitable for the fabrication of phosphors. The elemental composition of the BaLu 2 Si 3 O 10 host was investigated by EDX spectroscopy and the spectrum is shown in Fig. 2b . It conrms the presence of Ba, Lu, Si, and O in the BaLu 2 Si 3 O 10 sample. The elements of C and Cu come from the carbon membrane. The distance between the crystal planes reaches 0.325 nm, which is consistent with the (002) planes of Fig. 2b (inset) . 30 In addition, the elemental composition of BaLu 2 Si 3 O 10 :Eu 2+ , Nd 3+ was also investigated by EDX spectroscopy with the spectrum shown in Fig. 2d . As shown in Fig. 2d (inset) , the elements of Eu and Nd are also detected. serve as a center to emit light and for Nd 3+ to serve as a trap center. The electronic structure taken on by the valence band primarily stems from O 2p states, whereas the conduction band is mostly encompassed by Lu 5d states. It is worth mentioning that Ba 5d states also have a tiny contribution to the conduction band. This special band structure characteristic has great effects on the phenomena of photoluminescence and phosphorescence.
Band structure
3.4 UV-visible diffuse reectance spectrum A is the proportional constant; n is the photon energy; and E g is the value of the host bandgap. 29 By adopting the methods proposed by Cao et al. 31 the optical bandgap energy of BaLu 2 Si 3 O 10 is determined to be 5.5420 eV by extrapolation to F(R) ¼ 0. It is expected that the value of the optical bandgap surpasses that of the previously calculated bandgap of approximately 4.843 eV as the localdensity approximation depends less on the bandgap size and spin-orbit coupling of Lu 3+ which has not been considered. phosphor at room temperature is presented in Fig. 5a . The excitation spectrum that was monitored at 426 nm shows a broad excitation band ranging from 250 nm to 400 nm which arises from the 4f 7 0.008Nd 3+ which was measured 30 min aer the source of excitation was switched off is processed by Gaussian deconvolution and is consistent with two peaks at 430 nm and 507 nm, which is similar to the PL spectrum. The phosphorescence CIE chromaticity coordinate is (0.2062, 0.2614) and the color is bluish-green, as shown in the inset of Fig. 6b . The PL color is blue but the phosphorescence color is bluish-green, indicating that the phosphorescence is derived from the 5d-4f transition of Eu 2+ ions in the Ba and Lu sites. Eu Lu has a greater contribution during the LLP process, so the color of phosphorescence tends to be green, rather than blue.
Luminescence decay curves
To demonstrate that the phosphorescence stems from the Eu Lu emission in the current BaLu 2 Si 3 O 10 host, luminescence decay curves were measured at an excitation of 325 nm and monitored at 426 and 507 nm. The results are shown in Fig. 7 . The luminescence decay curves were able to be adjusted by a doubleexponential mode and the average luminescence decay time s could be ascertained from the formula below.
where A 1 and A 2 are constant and s 1 and s 2 are the two exponential components of the tting luminescence decay curve. 
LLP decay curves
As presented in Fig. 8a , this work measured the LLP decay curves for all of the as-synthesized samples (S1-S6) in order to delve into the decay performance of the BaLu 2 Si 3 O 10 :Eu 2+ , Nd 3+ emission. The decay process of the LLP is encompassed by a slow decay process and a fast decay process. Those fast decay processes occur initially and dominate the intensity at the very beginning, and the slow decay processes occur later which lead to the long term behavior. [35] [36] [37] [38] This work, through adopting curve-tting technology, analyzes the decay curves of the samples (S1-S6), and these curves are found to adequately match the following double-exponential equation.
where I is the phosphorescence intensity, A 0 , A 1 and A 2 are constants, t is time, and s 1 and s 2 are the decay times of the exponential components. Since the performance of LLP is chiey determined by s 2 , 39 the s 2 values for all of the samples are listed in Table 3 Fig. 8b . The detailed reasons are discussed later in the section on TL curves.
Thermoluminescence curves
Trapping centers play a momentous role in the photo-energy storage of persistent and thermo-stimulated phosphors.
40
Aer removal of the excitation source, the captured charge carriers are able to escape due to thermal disturbance and are transferred to centers for luminescence, which triggers the phosphorescence. Accordingly, shallow depth traps are negatively and adversely affected by stabilizing the charge carriers, which considerably shortens the duration period of persistent luminescence. In contrast, the charge carriers that are captured by deep depth traps are extremely hard to release at room temperature, which leads to the defective performance of the LLP. [40] [41] [42] For this reason, as the appropriate trap depth is formed, a solid foundation is laid for attaining a perfect LLP performance. Meanwhile, the trap density is also a signicant factor for LLP. To characterize the traps in our samples TL measurements were conducted on BaLu 2 
Where I m is the intensity of the TL peak, d is the hightemperature half-width, s is the low-temperature half-width, the asymmetry parameter traps are generated with a suitable energy depth which greatly improves the duration of the LLP and the LLP brightness in the very beginning. This result suggests that co-doping indeed has a great effect upon the LLP performance of the phosphor.
LLP mechanism
Under normal conditions, for the majority of LLP materials, the color of the phosphorescence is identical to the color of the PL arising from the identical emission centers. Yet the blue emitting phosphors show a phosphorescence which is characterized as bluish-green in this paper. In line with the previous analysis, Eu 2+ When the electrons captured by shallow traps are thermally released at room temperature, they move back to the conduction band directly and a few of the captured electrons in deep traps escape through a quantum tunneling process. In view of the conduction band primarily being formed by Lu 5d states rather than Ba states, the released electrons prefer to transfer to the excited Eu 2+ ions on the Lu sites which are in the same form of resonance and recombine with them, which gives rise to the green phosphorescence (LLP process 4). In short, it is the special form of the conduction band and the occupation situation of the emission centers that result in the interesting optical phenomenon.
Conclusions
In a nutshell, a newly proposed bluish-green emitting longlasting phosphor with prominent LLP properties is successfully achieved via a high temperature ions can effectively improve the LLP performance. The LLP can last more than 6 h above the recognizable intensity level (0.32 mcd m
À2
). This work also provides direct experimental evidence that the conduction band is of critical signicance for the course of LLP. And the analysis regarding this experimental work backs up the LLP mechanism. This new LLP material exhibits a 6 h LLP and has considerable potential for extensive applications.
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